The potential environmental burdens over the whole life cycle of printing and writing paper produced in Portugal from Eucalyptus globulus were quantified, using Life Cycle Assessment (LCA) methodology. The main stages considered in the life cycle were: forest, pulp production, paper production, final disposal, energy production, chemical production and transports. The results suggest that pulp production processes have an important contribution to water emissions, resulting in a major contribution to eutrophication. Besides, it plays a major role in renewable energy consumption. Energy production in the grid, printing and writing paper production and transports contribute significantly to air emissions and to non-renewable energy consumption, and, consequently to global warming, acidification and non-renewable resource depletion. Wastepaper landfilling assumes the predominant role in photochemical oxidant formation.
INTRODUCTION
Life Cycle Assessment (LCA) is a technique that aims at studying the environmental aspects and potential impacts of a product's or process's life cycle, starting at the raw materials extraction through to the product manufacturing, until use and final disposal stages (ISO, 1997) .
The pulp and paper industry has been carrying out LCA studies (e.g. Eurosac and Eurokraft, 1996; Hedenberg et al., 1997; Axel Springer Verlag et al., 1998; Rafenberg and Mayer, 1998) in order to provide a comprehensive understanding of the environmental impacts of its activity and to assist the decision making process concerning new investments.
In this study, LCA methodology was applied to printing and writing (P&W) paper produced in Portugal from Eucalyptus globulus. This paper grade represents about 60% of the production of paper and board in Portugal (CELPA, 2003) . The goal of this study was to identify the stages (or processes within the stages) contributing most to the environmental impacts over the whole life cycle of P&W paper. The main stages considered in the life cycle were: forest, pulp production, paper production, final disposal, energy production, chemical production and transports.
METHODOLOGY
The LCA methodology applied in this study is in accordance with ISO (International Organization for Standardization) standards: 14040, 14041, 14042 and 14043 (ISO, 1997; ISO, 1998; ISO, 2000a; ISO2000b) , which distinguish four phases in a LCA study: goal and scope definition, inventory analysis, impact assessment and interpretation.
The goal shall refer the intended application and the reasons for carrying out the study. In the scope, the system under study, the system boundaries, the functional unit, and the allocation procedures, among others, must be defined.
In the inventory phase, all the relevant inputs and outputs of the system are identified and quantified, involving data collection and calculation procedures. These inputs and outputs may include the use of resources (raw materials and energy) and emissions to air, water and soil.
In the impact assessment phase, the results of the inventory analysis are assigned to impact categories associated with resource use, human health and ecological consequences. This phase includes the following mandatory elements: selection of impact categories, category indicators and characterisation models, classification (assignment of inventory analysis results to the impact categories) and characterisation (calculation of category indicator results). Besides these mandatory elements, the impact assessment phase may also include the following optional elements: normalisation (calculation of the magnitude of category indicator results relative to reference value(s)), grouping (sorting and possibly ranking of the impact categories), and weighting (conversion and possibly aggregation of the indicator results across impact categories).
In the interpretation phase the results from the inventory analysis and the impact assessment are combined together in accordance with the defined goal and scope in order to reach conclusions and recommendations.
Goal and Scope Definition
The purpose of this study was to identify and assess the potential environmental burdens associated with the life cycle of the P&W paper produced in Portugal from E. globulus and consumed in Germany. The reason to carry out this study was to determine the relative contribution of the different stages (or processes) included in the life cycle. The German market was selected because about 75% of the Portuguese P&W paper is exported to European countries (CELPA, 2003) , and data concerning the use and disposal of paper in Germany were available in Tiedemann et al. (2001) .
The system boundaries covered the following main stages: forest, pulp production, paper production, final disposal, energy production, chemical production and transports. The processes considered in each stage are presented in Table 1 .
Since besides E. globulus pulp, the P&W paper also consumes pine pulp imported from Scandinavia, the production process of this kind of pulp and the production of the pine wood were also included in the system under study. The final disposal of wastepaper in Germany includes incineration, landfilling, and recycling (after sorting).
Excluded from the system boundaries were:
-the production and maintenance of capital goods (e.g., buildings, machinery); -the production of ink, toner, and any other material used during paper utilisation; -the production of chemicals and fuels that represent less than 1% (in mass) of the functional unit. Exceptions to this cut-off criterion are energy-intensive processes, such as production of hydrogen peroxide and sodium chlorate, which are consumed in the pulp production processes (Strömberg et al., 1997) . Energy production
• Heavy fuel oil production (consumed in the E. globulus pulp production process, in the P&W paper production process, and in the tissue production process) • Natural gas production (consumed in the tissue production process) • Lignite production (consumed in the tissue production process) • Electricity produced in the grid (consumed in the P&W paper production process, in the wastepaper sorting and recycling, and in chemical production) • Thermal energy produced in the grid (consumed in wastepaper recycling)
Chemical production
• Production of chemicals consumed in the E. globulus pulp production process (NaOH, CaCO 3 , H 2 SO 4 , NaClO 3 , S 2 , NaCl, H 2 O 2 ) • Production of chemicals consumed in the pine pulp production process (NaClO 3 , H 2 O 2 ) • Production of chemicals consumed in the P&W paper production process (PCC, CaO, CaCO 3 , CO 2 , optical brightener, starch) • Production of chemicals consumed in the recycling production process (H 2 O 2 )
Transports
• Transport of E. globulus to the pulp mills • Transport of pine to the pulp mills • Transport of pine pulp to the P&W paper mill • Transport of P&W paper to Germany • Transport of wastepaper from the user to the several disposal alternatives • Transport of the chemicals consumed in the E. globulus pulp production process • Transport of the chemicals consumed in the P&W paper production process • Transport of the heavy fuel oil consumed in the E. globulus pulp production process • Transport of the heavy fuel oil consumed in the P&W paper production process
The functional unit, i.e., the amount of paper for which the inventory data are quantified, was defined as 1 tonne of P&W paper, with a standard weight of 80 g/m 2 .
In this study some allocation procedures were applied following ISO recommendations (ISO, 1998) . Allocation is needed in multifunctional processes, such as multi-output and -input processes, and open-loop recycling, in order to allocate the input or output flows to each product. Wherever possible, allocation was avoided by unit process disaggregation or system boundaries expansion.
Inventory Analysis

Forest
Input data for the E. globulus forest, consisting of fertiliser and fuel consumptions, are typical data of the silvicultural and harvesting practices accomplished in Portugal (Emporsil and Soporcel, 1995) , and refer to operations such as path opening, plantation, soil mobilisation and fertilisation, felling, debarking, and off-road hauling. Air emissions from fuel combustion were estimated using emission factors for diesel and petrol (Habersatter, 1998).
The pine forest was characterised in this study using average data covering the silvicultural and harvesting practices carried out in Finland (KCL, 1999).
Pulp Production
For the E. globulus pulp production, average data provided by the Portuguese pulp and paper industry were used in this study. They refer to the woodyard, wood cooking, brownstock washing and screening, ECF (elemental chlorine free) pulp bleaching using chlorine dioxide produced on site, chlorine dioxide production, recovery of the chemicals used in wood cooking, energy generation from bark and black liquor (liquor from wood cooking), wastewater treatment in an activated sludge plant and solid waste landfilling. E. globulus pulp is produced with a consistency of 3.5% dry solids, being its production integrated with the production of P&W paper.
Data on the production of pine pulp are typical of the Finnish technology (KCL, 1999) , and include the following steps of the production process: wood cooking, brownstock washing and screening, ECF pulp bleaching with oxygen delignification and reduced chlorine dioxide consumption, chlorine dioxide production, pulp drying, recovery of the chemicals used in wood cooking, energy generation from bark and black liquor, wastewater treatment in an activated sludge plant, sludge combustion and mill condensation power plant.
In the pulp production processes, allocation procedures were applied because there is a coproduction of surplus electricity that is exported to the national grids. In these cases, allocation was avoided by expanding the system boundaries. Thus, the production of a similar amount of electricity in the national grids was included in the boundaries, and its environmental burdens were subtracted from the environmental burdens of these processes. This means that the surplus electricity produced by the pulp production processes avoids the production of a similar amount of electricity in the national grids
Paper Production
The P&W paper production process includes E. globulus pulp transfer, pine pulp pulping, pulp refining, cleaning and screening, broke recovery, paper machine, finishing, wastewater treatment in an activated sludge plant and on site energy production from heavy fuel oil. Inventory data are average data provided by the Portuguese pulp and paper industry.
Final Disposal
The fluxes of P&W paper in Germany were taken from Tiedemann et al. (2001) . About 6% of the consumed paper remains in use in the form of archives or books. About 76% of the wastepaper goes to recycling, 17% goes to landfilling and 7% goes to incineration. Of the recycled paper, about 85% is used to produce tissue paper, 15% is used for the production of packaging paper, and 5% is integrated in the production of graphic paper.
The inventory data for the recycling processes were obtained in the literature and specialised databases (FEFCO et al., 1997; Habersatter, 1998; KCL, 1999) , with the exception of the recycling into graphic paper, whose data were provided by IFEU (Institut für Energie und Umweltforschung Heidelberg GmbH). IFEU also provided data for the landfilling and incineration processes, representative of the German technology.
The system boundaries expansion, to avoid allocation, was also adopted in this stage to deal with surplus electricity produced by landfilling, incineration and packaging paper production, and surplus thermal energy produced by incineration. The same approach was also used to avoid allocation in paper recycling, where new paper grades are produced, beginning a new stage of the life cycle. The allocation of the environmental burdens, between the P&W paper under study and these new paper grades, was avoided by assuming that the recycling processes displace the production of the same amount of paper, with similar functions, made from virgin fibre. Thus, the production of tissue paper and packaging paper from virgin fibre was included in the system boundaries. On the other hand, the production of graphic paper from virgin fibre was excluded because it represents less than 1% in mass of the functional unit (cut-off criterion).
Energy production
Energy production includes the production of fuels and the production of electricity and thermal energy in the grid.
The production of fuels comprises fuel extraction and processing and was characterised using data from the literature (Habersatter, 1998). The fuels considered in this study were heavy fuel oil, natural gas and lignite.
Data on the production of electricity in the grid were collected for the following production models: Portugal, Spain, France, Finland, Belgium, UCPTE (Union for the Connection of Production and Transportation of Electricity) mix and Nordic mix (Habersatter, 1998).
The production of thermal energy in the German grid was taken into account using data from IFEU.
Chemical production
The inventory data for the production of several chemicals consumed in pulp, P&W paper and recycling production processes were retrieved from the literature (Virtanen and Nilsson, 1993; Habersatter, 1998; KCL, 1999) . The production of PCC (precipitated calcium carbonate) is an exception, because it takes place in the paper mills and the inventory data were directly provided by the producers.
Transports
The transport of wood, pulp, P&W paper, wastepaper, chemicals and fuels, by truck, ship and electric train, was considered using distances provided by the pulp and paper industry. The consumption of fuel and the corresponding emissions of each kind of transport were obtained from the literature (Habersatter, 1998).
Impact Assessment
The impact categories considered in this study were: global warming for a time horizon of 100 years (GW), acidification (A), eutrophication (E), non-renewable resource depletion (NRRD) and photochemical oxidant formation (POF). The selection of these categories was conditioned by the parameters available from the inventory analysis. The inventory parameters assigned to each impact category and the sources of the characterisation factors that allow the aggregation of the parameters within each category, are shown in Table 2 . et al. (1992) The optional elements of the impact assessment (normalisation, grouping and weighting) were excluded from this study because they are unnecessary for achieving the goal of this study.
RESULTS
Inventory Analysis Results
Although the inventory results consist of an exhaustive list of parameters, only the most important ones were selected to be presented and assessed: renewable energy consumption, non-renewable energy consumption, non-renewable carbon dioxide (CO 2 ), nitrogen oxides (NO x ), sulphur dioxide (SO 2 ), chemical oxygen demand (COD) and adsorbable organic halogens (AOX). Renewable CO 2 emissions were excluded from this analysis, because they were assumed to be in balance with CO 2 sequestration in the forest stage. Figure 1 shows the relative contribution of the several stages comprised in the life cycle to the inventory parameters. The contribution of the processes added to the system boundaries in order to avoid allocation was considered separately in the category called "credits". The pulp production stage consumes about 95% of the total renewable energy. This is an expected result because all the energy consumed in the pulp production processes are of renewable origin. The E. globulus pulp production process has a predominant role to this contribution because it represents about 80% of the pulp consumed in P&W paper. The credits given to recycling contributes to a reduction of almost 65% in the consumption of renewable energy in the whole system. This means that the recycling of P&W paper avoids the consumption of renewable energy, in the production of paper from virgin paper, equal to about 65% of the consumption of renewable energy in the whole system. About 35% of the consumption of non-renewable energy takes place in the production of energy, of which about 40% and almost 30% correspond to the non-renewable component of the electricity produced in the grid consumed in the P&W paper and in the tissue production processes, respectively. P&W paper production and transports are also important consumers of non-renewable energy, with a contribution to this parameter of about 20% each. In P&W paper production this is due to the use of fuel oil to produce on-site energy, while in transports about 65% of the contribution is associated with the transport of P&W paper and its distribution in Germany. A reduction of more than 30% in the total consumption of nonrenewable energy is obtained considering the credits given to the system, mainly to recycling. The emissions of non-renewable CO 2 have a profile similar to that of consumption of nonrenewable energy.
The main source of SO 2 emissions is energy production, contributing to 40% of the total SO 2 emissions. About 45% and 25% of these emissions are released in the production, in the grid, of the electricity consumed in the P&W paper and in the tissue production processes. The paper production stage has also a remarkable contribution to SO 2 emissions (20% of the total SO 2 emissions) due to on-site energy production. The credits given to the system allow a reduction in the total SO 2 emissions of about 25%, mainly due to the recycling processes.
Approximately 50% of the NO x emissions are generated by transports, and among these, by the transport of P&W paper and its distribution in Germany. A reduction of more than 20% in NO x emissions is achieved due to the credits given, mainly to recycling.
About 60% of the total COD is emitted in the pulp production stage, mainly in the E. globulus production process. The second most important contribution to this parameter, representing 30% of the total emissions, is that of paper production. Total COD emissions are reduced by almost 40% due to the credits given to recycling.
Another important parameter in the pulp and paper industry is AOX, which is mostly generated in the pulp production stage due to the consumption of chlorine dioxide in pulp bleaching. The E. globulus pulp production process contributes to about 80% of these emissions. The credits given to the system, mainly those given to recycling, reduce AOX total emissions in approximately 55%.
Impact Assessment Results
The relative contribution of the different stages of the life cycle of P&W paper to the impact assessment categories considered in this study are shown in Figure 2 . The category of "credits" accounts for the contribution of the processes added to the system boundaries in order to avoid allocation. The largest contribution to global warming comes from the energy production (30% of the total global warming potential), mainly as a result of its emissions of non-renewable CO 2 . Final disposal, paper production and transports play also an important role to this impact category (approximately 20% of the total global warming potential, each one) due to their emissions of non-renewable CO 2 . In final disposal, methane emissions from paper landfilling are also of great importance. A reduction of about 30% in the total global warming potential is provided by the credits given to the system, mainly to recycling.
Energy production is the most important stage regarding acidification, contributing to 30% of the total acidification potential, mainly due to SO 2 emissions. Transports are important contributors as well, causing 20% of the total acidification potential, mainly as a result of its NO x emissions. The total acidification potential decreases about 25%, mostly as a result of the SO 2 emissions "avoided" by paper recycling.
The pulp production stage is responsible for 35% of the eutrophication potential, mainly generated by its COD and phosphorus emissions. Transports are also relevant contributors to this potential (almost 30% of the total) due to its NO x emissions. The credits given to the system, mainly those given to recycling, allow a reduction of the eutrophication potential in approximately 25%. NO x and COD emissions are of major importance to this reduction.
Almost 30% of the non-renewable resource depletion potential is caused by the paper production stage. This contribution comes from the consumption of heavy fuel oil for on-site energy production. Energy production and transports contribute to 25% of the total nonrenewable resource depletion potential. In the energy production stage, consumption of fuel oil and coal to produce electricity is predominant, while in the transport stage, consumption of fuel oil and diesel is the main cause of this contribution. The credits given to the system lead to a reduction of about 25% in the non-renewable resources depletion potential of the whole life cycle. Final disposal of wastepaper contributes to about 80% of the overall photochemical oxidant formation potential due to methane emissions from landfilling. In this case, the credits given to the system result in a small reduction (less than 10%) of the total photochemical oxidant formation potential.
CONCLUSIONS
The following conclusions can be drawn from the analysis of the results obtained in this study: -the pulp production stage has an important contribution to water emissions, resulting in a major contribution to eutrophication. Besides, it is the major consumer of renewable energy; -the paper production stage is the dominant contributor to the non-renewable resource depletion potential. It is also of great importance to air emissions (non-renewable CO 2 and SO 2 ), to non-renewable energy consumption and to global warming; -although the final disposal stage has no relevant contribution to the analysed inventory parameters, it assumes the predominant role in photochemical oxidant formation and a significant role in global warming, due to its methane emissions; -the energy production stage contributes significantly to air emissions (non-renewable CO 2 and SO 2 ), to non-renewable energy consumption, and, consequently, to global warming, acidification and non-renewable resource depletion. It is important to note that this contribution comes mainly from the production of electricity in the grid consumed in the P&W and tissue production processes; -transports are the major source of NO x , resulting in important contributions to acidification and eutrophication. In addition, they are of great importance to nonrenewable CO 2 and non-renewable energy consumption, and to the impact categories that consider these parameters: global warming and non-renewable resource depletion; -the forest and chemical production stages don't contribute significantly to any of the inventory parameters and impact categories analysed; -the credits given to the system to avoid allocation lead to reductions in the values obtained for the inventory parameters and the impact categories that vary between almost 10% and 65%.
